In the process of lunar exploration, and specifically when studying lunar surface structure and thickness, the established lunar regolith model is usually a uniform and ideal structural model, which is not well-suited to describe the real structure of the lunar regolith layer. The present study aims to explain the geological structural information contained in the channel 2 LPR (lunar penetrating radar) data. In this paper, the random medium theory and Apollo drilling core data are used to construct a modeling method based on discrete heterogeneous random media, and the simulation data are processed and collected by the electromagnetic numerical method FDTD (finite-difference time domain). When comparing the LPR data with the simulated data, the heterogeneous random medium model is more consistent with the actual distribution of the media in the lunar regolith layer. It is indicated that the interior structure of the lunar regolith layer at the landing site is not a pure lunar regolith medium but rather a regolith-rock mixture, with rocks of different sizes and shapes. Finally, several reasons are given to explain the formation of the geological structures of the lunar regolith layer at the Chang'E 3 landing site, as well as the possible geological stratification structure.
Introduction
The exploration of the internal structure of moon has been ongoing since the first time a human being landed on the surface of the moon in the 1960s. According to the analysis of seismic data, the internal structure of the moon can be roughly divided into a lunar crust, lunar mantle, and lunar nucleus. The thickness of the outermost lunar shell is approximately 60∼65 km, the top 1∼2 km of which mainly consists of lunar regolith and rock fragments [1] . On December 2, 2013, China successfully launched the Chang'E 3 spacecraft to explore the moon. The LPR was one of the important payloads on the Chang'E 3. As a high-resolution lunar surface penetrating radar, LPR consists of two channels.
The first channel is centered at a 60 MHz frequency and has a meter-level resolution in simulated lunar rock material. It is used to detect the subsurface lunar structures along the path of the Yutu rover. The second channel is centered at a 500 MHz frequency, with a resolution of less than 30 cm in the simulated lunar regolith, and it is used to detect the internal structure of the lunar regolith and its thickness. ALSE (Apollo Lunar Sounder Experiment), LRS (Lunar Radar Sounder), and LPR are all surface penetration radars, which are usually used to detect subsurface lunar structures. However, the LPR resolution is significantly higher than that of either ALSE or LRS. Especially for the detection of lunar regolith, the resolution of ALSE and LRS does not have sufficient detection accuracy, and the deepest drilling depth of an experiment 2 International Journal of Antennas and Propagation with a sample return is 294.5 cm from Apollo 17 [2] . However, it is obvious that the above drilling depths cannot reach the bottom of the lunar regolith layer in the lunar maria, where the average layer depth is approximately 5 m [3] . Therefore, the LPR data are valuable for the study of the internal structure of the lunar regolith. Furthermore, the core diameter from the Apollo borehole is no more than 4 cm, which means that no data, other than that of lunar penetrating radar, can directly verify that there exist rock fragments with diameters larger than 4 cm in the lunar regolith.
The study of the internal structure or thickness of the lunar regolith requires theoretical modeling, regardless of whether active radar detection or passive microwave radiometer detection is used. For instance, Shkuratov and Bondarenko [3] established a simplified ideal uniform lunar regolith structure model to obtain the first map of the distribution of lunar regolith thickness on the front side of the moon using the data of the Arecibo Astronomical Observatory's 70 cm-wavelength ground-based radar in combination with the iron and titanium abundances of the front side of the lunar surface. Lan and Zhang [4] assumed that the lunar regolith layer is a uniform medium in their study of the thickness of the lunar regolith using microwaves. Fa and Jin [5] assumed that the lunar regolith layer has a uniform distribution of dense particle media to simulate the bright temperature of the multichannel lunar surface radiation. Meng et al. [6] assumed that the permittivity of the lunar regolith follows changes in depth, established a nonisotropic lunar model, and analyzed lunar thickness, frequency, and other effects on the bright temperature. Using the same assumption as Meng et al., Chen et al. [7] established twolayer and three-layer models. In Chen et al. 's studies, the lunar surface structure was simulated using GprMax, and its waveform characteristics were analyzed.
However, the LPR data show that the internal structure of the lunar regolith is very complex and the above modeling method is too ideal, so it is difficult to describe the real structure of the lunar regolith. Therefore, here, we employ the random medium model theory, Apollo drilling sample data, and geomorphologic images to establish a heterogeneous random medium model of the lunar regolith layer. Then, the FDTD numerical method is used to simulate the propagation of the electromagnetic wave in the model. The result of the echoes is obtained and compared with the LPR data.
Lunar Penetrating Radar (LPR)
LPR is a surface penetrating radar with a carrier frequency in the nanosecond pulse time domain whose working principle [8] is as follows: the transmitter antenna emits an electromagnetic wave into the lunar subsurface; when the propagating electromagnetic wave meets a heterogeneous medium, layered interface, or other buried object, phenomena such as reflection, diffraction, and scattering occur; the receiving antenna receives echo signals, such as reflections and scatterings; by analyzing and processing the received echo signals, we will obtain information about the geological structure of the lunar regolith along the road of Yutu rover. The basic parameters of the LPR are shown in Table 1 .
The echo signals are mainly affected by the electromagnetic wave propagation velocity V, seen in (1), and the attenuation , seen in (2), in the Yutu rover detection process.
where is the angular frequency, is the speed of light in free space, is the permeability, is the permittivity, and is the electrical conductivity. The loss tangent, tan = / , reflects the loss of energy when propagating through the lunar regolith.
The Heterogeneous Random Medium Model of the Lunar Regolith Layer
As shown in Figure 1 , there is a random distribution of lunar rocks of different sizes on the lunar surface. Therefore, it is inferred that there exist a large number of small-scale and irregularly distributed media, such as basalt grains and breccias, under the lunar surface. The radar echo signal is affected by these small-scale media during the detection process, which is probably the reason for the confusing radar gram. These small-scale media distributions can be considered as random processes to study the characteristics of their permittivity. The technique of random medium modeling is applied to the seismic numerical simulation [9] [10] [11] .
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where is the mean permittivity of the background, ( , ) is the standard deviation, and ( , ) is a small-scale random perturbation whose spatial distribution is subject to
where ( , ) is the autocorrelation function; parameters and are the horizontal and vertical autocorrelation lengths, respectively; is the autocorrelation angle; and is the roughness factor at the microscale. When = 0, (4) is the Gaussian autocorrelation function. When = 1, (4) is the exponential autocorrelation function. When 0 < < 1, (4) is a hybrid autocorrelation function [12] . The algorithm of the established discrete random medium model is as follows.
Step 1. The power spectra density function, Φ( , ), of the spatial random perturbation function, ( , ), was calculated from (4) and is defined as
Step 2. We used a random phase function ( , ), which is an independent and evenly distributed two-dimensional random sequence on the interval [0, 2 ), to calculate the random power spectra function ( , ), which is defined as
Step 3. We obtained the spatial perturbation function of the random medium, ( , ), by using the inverse Fourier transform of the random power spectra function.
( , ) = 1
Step 4. The spatial perturbation function was normalized. Moreover, we substitute (7) into (3) to achieve a discrete heterogeneous random medium model.
The lunar regolith layer medium should be composed of a lunar regolith and rock mixture at the Chang'E 3 landing site area, which is shown in Figure 2 . This type of lunar geological structure can be called a regolith-rocks mixture. Hence, the random medium theory modeling method is used to describe the geological structure of a regolith-rocks mixture. According to previous knowledge from the Apollo samples, the lunar regolith is mainly composed of mineral and rock fragments, breccia debris, all kinds of glass material, meteorite fragments, and so forth, with a permittivity in the range of 2.3 to 3.5 and loss tangent in the range of 0.005∼0.009. The mare region is mainly composed of basalt, with a permittivity in the range of 6.6 to 8.6 and a loss tangent in the range of 0.009∼0.016 [13] . Therefore, we assume that the dielectric properties of the random medium model of the lunar regolith range from 2.3 to 8.6 and the loss tangent ranges from 0.005 to 0.016. A set of autocorrelation lengths, and , equal to 0.05 m, 0.1 m, 0.2 m, and 0.3 m, are chosen to establish four discrete heterogeneous random medium models with different characteristics, which are shown in Figure 3 . The model size is 5 m × 5 m and the length of the discrete step is 0.01 m. The channel 2 antenna, which is mounted on the bottom of the Yutu rover, is 0.3 m away from the lunar surface. Hence, we set the antenna height as 0.3 m off the lunar surface in the model. The first layer is the vacuum layer, with a permittivity of 1 and a depth of 0.3 m. The second layer is the heterogeneous random medium of the lunar regolith layer with a background permittivity of 4.8, autocorrelation angle of 0, roughness factor of 0, and model standard deviation of International Journal of Antennas and Propagation 5 0.85. The third layer serves as a reference layer with a permittivity of 8 and a depth of 0.1 m. The autocorrelation length describes the scale of the random medium in the horizontal and vertical directions, which is manifested in the size of the rock fragments distributed randomly in the model, as shown in Figure 3 . With an increase of the autocorrelation length, the size of the rocks increases and the number of rocks decreases. That is, the distribution of the real medium in the lunar regolith layer can be described effectively by selecting the appropriate parameters.
The Numerical Simulation of LPR Channel 2
4.1. The Selection of the Radiation Pulse Source. The radar radiation pulse source waveform is taken from [8] , which can be calculated by UWB Ricker. Equation (8) [14] is defined as
We substituted the parameters of the LPR into (8), where = 750 MHz, = 250 MHz, and time 0 is 4 ns. Then, we can obtain the radiation pulse source waveform shown in Figure 3. 
The Numerical Method of the 2D-FDTD.
The differential Maxwell equations in the time domain are given by
where is the magnetic field strength and is the electric field strength. , , and are the dielectric permittivity, permeability, and conductivity, respectively. Considering only the two-dimensional TM mode [15] , all of the electric fields are transverse electric fields for the coordinates, and (9a) and (9b) contain only the directional components of , , and . In the Cartesian coordinate system, the 2D-FDTD differential iterative equations in the TM mode are defined as
Moreover, in order to avoid the dispersion of the electromagnetic wave caused by the numerical calculation, it is necessary to satisfy the following conditional formula (see (11) ) when the discrete interval parameters Δ , Δ , and Δ approach zero.
4.3. Numerical Simulation of the Models. This section will make use of the 2D-FDTD numerical method to simulate the heterogeneous random medium models (a), (b), (c), and (d), which are established in Figure 2 . As a comparison, the second layer in Figure 2 The simulated horizontal direction of the model is 5 m, such that it receives 116 data traces. The discrete time step is set to 0.02 ns, according to (11) . Due to the limited memory of the computer, a PML (Perfectly Matched Layer) is used as the electromagnetic absorption boundary condition [16] , which simulates the propagation of electromagnetic waves in free infinite space. The simulation result of the model (a) was calculated by 2D-FDTD, shown as both the A-Scan and B-Scan in Figure 4 . In the figure, the direct and coupling waves of the radargram are clearly shown, but the reflected echoes of the buried objects are not clearly displayed. The A-Scan waveforms were plotted from a trace of the B-Scan data, and it was found that the amplitudes of the direct and coupling wave reflected signals were much larger than those of the reflected signals from the lunar buried objects.
The main objective of this data processing is to analyze the reflection signal of the objects in the lunar regolith layer. For this reason, the amplitudes of the reflected signals of the direct and coupling waves can be suppressed by the threshold in (12) to relatively increase the amplitude of the reflection signal of the lunar buried objects. The amplitude threshold is set to 0.003 for each radar gram which are the simulation results of the models (a), (b), (c), and (d) and the homogeneous media. We plotted both the AScan and B-Scan simulation results, shown in Figure 5 . The time delay of the lunar surface is 7.91 ns, as calculated in Figure 5 . The reference layer echoes cannot be found from simulation results of models (a) and (b) because the radargrams are so cluttered, but they can be gradually found when they become more distinct, in models (c) and (d), from the homogeneous media, in which the time delays are 75.58 ns, 72.39 ns, and 61.29 ns, respectively. On the one hand, as the autocorrelation length decreases, the complexity of the model increases. The position of the echo signals of the reference layer is delayed because it is obscured by other signals and cannot be visually distinguished. On the other hand, when the autocorrelation length increases and the multiplied reflected echoes among the rock fragments are diminished, the amplitude of the reflected echoes of the buried targets in the lunar regolith layer model is gradually weakened, and the reference layer gradually becomes distinct. Moreover, this simulated experiment can also explain why the LPR did not find clear layers below the lunar surface at the Chang'E 3 landing site. The details of the investigation of the geological information of the lunar regolith layer will be elaborated in the following chapters.
Comparison between the LPR Data and Simulated Data
The LPR began work at 10:50:32 (UTC) on December 15, 2013, and ran until 14:16:56 (UTC) on January 15, 2014, when it stopped working due to a mechanical problem after a total of 277 minutes of work on the lunar surface [17] . Channel 2 received 2351 valid data traces during that working period. The probe distance is approximately 114 m along the path of the Yutu rover on the moon. Part of the LPR data at the landing site in the Mare Imbrium is shown in Figure 6 . Meanwhile, we compared the LPR data with the simulated data calculated from the lunar regolith models by FDTD. By comparing the LPR data and the simulation data, it is found that the echo characteristics of the two radargrams are similar. To quantify the degree of similarity of the two radargrams, the Bhattacharyya distance is used to analyze the two datasets in this paper. The method used to calculate the Bhattacharyya distance is defined as follows:
where meas and simul are the LPR data and simulation data, respectively. The results of the Bhattacharyya distances of models (a), (b), (c), and (d) and the homogeneous model are 0.5829, 0.7798, 0.1165, 0.1216, and 0.1045, respectively. It is clear that model (b) is the most similar to the LPR data among those results. This means that the heterogeneous random medium model (b) effectively corresponds to the interior structural characteristics of the lunar regolith. Hence, we can infer that the lunar regolith layer is not a purely regolith medium but rather has a distribution of a large number of rock fragments of uneven sizes and different shapes, and the diameters of the rock fragments are approximately 20 cm. In addition, there are continuously reflected echo signals at 24 ns, which may be a stratified structure in the lunar regolith layer or an echo signal of a continuous block of rocks. 
The Interior Structure of the Lunar Regolith at the Chang'E 3 Landing Site
The Chang'E 3 landed near the young crater C1, which has a diameter of approximately 450 m [18, 19] . The landing position was approximately 50 m from the edge of the impact crater. It can be seen in Figures 1 and 7 that the lunar surface is scattered with a large number of rock fragments of different sizes. At the impact edge, the distribution of rock fragments is even denser. These rocks originate from the lunar crater formation process. When the meteorite crashed on the lunar surface, the bedrock was contacted, squeezed, and crushed. This process formed an ejecta blanket and dug out material from deeper sections of the lunar surface. Some rocks were gasified or melted by the high temperatures, forming new material. The broken rock fragments were also formed because the meteorite impact process involves a massive transfer of mechanical energy to heat energy. Therefore, the large-scale materials sputtering over the original lunar regolith layer formed an ejecta layer, which could also be called a new lunar regolith layer, including a large number of new materials formed by the high temperature, such as impact breccias, glass, and metal, and broken rock blocks. Xiao et al. [18] used a diameter-frequency method to estimate the geological age of the landing site (impact crater C1) at a minimum model age of 27 million years (My) and a International Journal of Antennas and Propagation maximum model age of 80 million years (My). This indicates that the geological structure is very young, the lunar regolith is immature, and the internal structure is rock-like. Basilevsky et al. [20] compared the photographs taken by the Lunokhod and Yutu rovers, which indicated that there exist rock blocks with diameters of dozens of centimeters across the lunar surface. In other words, it can be inferred that the interior of the lunar regolith also contains similar scales of rocks. This is consistent with one of the conclusions of the current study, namely, that the interior of the lunar regolith is a regolithrock mixture.
Based on the above studies, the subsurface geological structures of the Chang'E 3 landing site are probably divided into a lunar regolith layer and a lunar rock layer, as shown in Figure 8 . The lunar regolith layer includes the materials of the ejecta blanket and the original lunar regolith layer. We did not include the lunar dust layer because the boundary between the lunar dust layer and lunar regolith layer is difficult to define in this dataset. Because the geological structure of the Chang'E 3 landing site is very young, with immature lunar regolith and more internal stones, it is easy to misidentify the continuous echoes produced by a number of adjacent lunar rocks as a layered structure in the radargram. According to the statistics of the Apollo samples, as the sampling depth increases, the average diameter of the rocks in the lunar regolith layer increases slightly. In general, lunar rock size is related to maturity. The higher the maturity level, the smaller the diameter of lunar rocks. The maturity is related to the time of exposure on lunar surface [21] . It can be seen that the maturity of the lunar regolith is low at the landing site; the distribution of the interior rocks is irregular, and the geological structure is young at the Chang'E 3 landing site. Therefore, one possible structure is a fractured rock layer that transitions to the bedrock layer below the lunar regolith layer.
The specific depth of the lunar regolith layer is not determined because the simulation results show that, within a certain range, as the number of rocks increases, the electromagnetic wave propagation in that medium will produce multiple reflections and scattering, which makes the radar echoes too complicated. Thus, an accurate depth of the lunar regolith is difficult to determine by LPR. In fact, the boundary between the lunar regolith layer and the lunar rock layer is not clear [22] . Rather, it is a gradual structure from top to bottom, which makes it difficult for radar to distinguish interior layers.
Conclusion and Discussion
Based on the theory of the random medium model, the Apollo drilling samples data, and the real lunar surface at the Chang'E 3 landing site, the model of a heterogeneous random medium is established. By using the FDTD numerical method, electromagnetic wave propagation is simulated and the resulting radar echoes are obtained. Comparing the LPR data and the simulated data, the following conclusions are obtained:
(1) The lunar model of a heterogeneous random medium is more consistent with the real structure of the lunar regolith than other theoretical models of the lunar regolith layer used in the preceding literature.
(2) The radar echoes become more complicated as the number of rocks increases, within a certain range. Thus, the accurate depth and interior structure of the lunar regolith are difficult to determine by LPR.
(3) The interior of the lunar regolith is not a purely uniform medium but has a distribution of regolith-rock mixture media with different rock sizes and shapes. The diameter of the rock fragments is approximately 20 cm in the lunar regolith layer, which is larger than the 4 cm diameter of the sample from the Apollo mission.
(4) The site produces clear layered echoes at approximately 24 ns in the LPR data, shown in Figure 6 . These layered echoes can be interpreted as stratified structures in the interior of the lunar regolith or as a large number of small-scale lunar rocks that produce overlapping radar echo signals.
The future Chang'E 5 program will be equipped with a lunar regolith radar sounder, which will have a higher detection resolution and working frequency than the LPR. Therefore, further studies of the application of the heterogeneous random medium method in lunar regolith modeling will be helpful to interpret the lunar radar data and better understand the real distribution characteristics and structures of the lunar regolith. In addition, the traditional homogeneous multireflection filtering method [23] has been difficult to use to filter the multiple reflection electromagnetic waves of the radar echoes in the lunar regolith layer. Using statistical methods, it is possible to establish a multireflection filtering method based on the random medium theory, which may be a breakthrough for solving complicated filtering problems.
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